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T}IE LASL THL#toCHEFll CAL HYL)ROGEIJ PROGRAII STATLJS 01/ SEPTEHijER 30, 19EtO*

Kenneth E, Cox, Charles L. Peterson, Uesley H. Jones, and Heivin Liowmn
Los Alanms Scientific Laboratory

Los Alanms, liewllexlco87545

Abstract.—

The work described here was accomplished during
the period October 1, 1979--Septenber3O, 1980.
Highlights of the experimmtal program were:

o A solids decomposition facility was con-
structed and used to study the handling of
bismuth oxysulfates and the kinetics of
their dccompositian,

o The results of our kiln experiments showed
that a substantial armunt of bismuth oxysul-
fatc deccnpositlon occurs with residence
times.under 2 min. at temperatures between
973andl143 K.

The LASL bfsrmth sulfate sub-cycle thus appears a
candidate for hydrog~n production utilizing a solar
heat sourke. In the evaluation phase of our worh,
the technoeconomics of the hybrid sulfur cycle were
determined and compared with several published re-
SU1lS as well as compared to the technoeconomics for
wdtrr cluctrolysis processes for hydrogr!n produc-
tion.

UC aided the efforts of the tkpartncnt OF Fn-
ergy (OOL) Thcrnochenical Cycle Evaluation }’dllel ill
rcviuwing the Lawrencu I.ivetmow Lahoratury (111)
zinc selt?nidc cycle as well as the Grneral A[orlic
(GA) sulfur-iodine cycle.

M, G. Roman, U. S. Technical Contact for thr
Intrrnationdl Energy Agency (IEA) Annex I Ayruvnwmt
on l:mrn:ochemical }iydrugell Proc!wcLion, Coordindtrd
U, S, contributions to tiw! 3rr! Annual Hnrkshoij h~ld
at lsukuha Scirmc city, Jdpdfl, JIme 18-21, 1.MXJ.
The su~cossful workshop waz dttundrd by five clLllu-
g~tr~ fr,.wl the U. S. and dlso inclwdr(i illtcrn~tion,ll
participation.

1: Sclir!% Ducpjv~~~iJ~oJi-tacillLy,. . . . - . -...

Thpmctal sulfate suh-cyclrI currently heiII!I
studic:l as part Orour applied llrOgrdM under the

Olfi~l’ of Advanctid Consorvdlion Tcchnologics is iI
bismulh o~y~ulfale cyclr. [n a rcia[ud pIWgraFI

unL1lhI’ tiw!Offi~c of Energy i?csc,lrch, nwrc h~~lc
studio% ot alternative sulFatcs Jrc !I? illg COIILIUCLI!(I
10 dninnninl. whether they off~r dc!v,wltd!l~s ror till,

Hi71~(\04)7(\) Ui2(l;,51t4(\) 15(I.i(II) 10(1(1 Il!lllt,

S[l,(ll) M)t(ll)l(l. !l [):,(q) I ?(1(11K

‘Ihlt.} Iu’l”lllll!b’d lmAIIl 11111,lll~ljil I.,, I. I L}:I. p, :x:: ,

I

The bismuth oxysulfato systcm ir Scsirtihlr he-
causc it dccompozcd rapidly at mdcrately high tem-
peratures, and the decomposed pndllct rc~ct~ rlliJidlY
with dilute sulfuric acid solutions, givifig an in-
soluble product. This is important in minirlizillg
solution concentrailon steps.

TWO dlsadvanti.ges are the rather hicil! co~t of
bismuth compounds although this beco:-l~s a plflnt in-
VentOry rather titan an operating cost, ds n~flrly dll
of the bismutil is recovered and recylod. ?ll~ ~Lll~r

is the water-retention problem and thr facl that the
disulfate fomls a trihydrate.

A laboratory-scale rotary kiln was constructed
from a 25-I?m o.d. quartz tube, so suppor(wl tlmt it
could rotate freely fnsid~ a 330-nrI loIlg. zZ-~-IW
tube furnace. This furnace wns capable o! t~’l::l’f’rd-
tures to 1203 K. The quartz tube tunIinJl(’d iII a
standard tdper female joint which rotatrd 0:1 II IXlr
Counterpart mdchlncd from Teflon. This a[i’ordml d
gas-tight rotary st?dl wiLimuL nwd nf luhricdtion.
The Tcflor, joint c~tcndcd to a Tuflon body which
supported a rccL~ng’llnr hrpi]er cun~lructrd from
Lcndn pulycarhondle ShFet. A Torlwn ,Iwqor p,lssed
through tile body al,~ tlw tapt’rul juilll. lh~ augl”r
Wa$ rulaLrd tIy a gt!drcwi drivr so IImt th~’ (urd rdtc
cou]d k v{lricd in steps. AlsrI, built inlu the
body allrl OU1 tilrough thr ttIpnrL’ti juillt WJ’. d gds
pdssiigeq wilich could Sll;lpO1-t d qu;lrL7 tuk’ prOtl-lid-

iIIg into the crntcr of liIc qudrt.z kiln, providinq i.
ledh-rl”l’f? rxit rOl. Stl~ and carrilir gtis. lhu kiln is
shnwn fn Ff!l, 1.

A Il,llrix or Killl (Ixi)(’rir!mlk UIIIILJ cu:”l;msitf’
frwui au.1 lIMI %411:Pkiin in~linJLion \Iurc nmdu.
TiIestI rxplorecl Lhl~ ulfrrl of four srL L1w[;~’rdLulus
~lIId thrw rotdLlolldl spuvds. TcmperIItIIrI% of q9.\,
10?3, 1073, dnd ]l?l K WCIT ChUSltllm

Thu rusults nf LiIr’+Q I%lwrifiwnt> arl: pr&z~!nt.ud
in I“lq. ?. Provinll$ Php’’rimlt’i (Jr this Iipc hdvp

shcm lhd L tiw mxlr;uw ducnlyo, i lion Ihdt kill oc-
cur iIl a tuw nllnul.t~’t kIILiI df ill d Lilh cxpurimunl..
nvvrr sown% LII

7
0 hryond d (oi;liw.ilion of dppruxi-

mdtrly lli~O.I.~i{ SO:I) ,IZ,
Y

Sillc(l tlh Irl’rl Lrlmp[)sl-

tion is [iI@(~ fi(~(f~ ~, ~, IL i: 3JSUm1’[1 Lhat d
1lllJximllrl of 1.3 Iwll(’s [1Y Sfl~ (d,, i,~ drivrn off l,,

till! lmlllllllf[lry-s~all’ Lilu with thi% ffII*Il,

Tiw Iodill Collr:lll’,i(ln% Ln 11P tirdw~l frulil Lili< lllFJ -
trix of I’xill’rivlt’llt’, is tlml d %llll~ltlllfidl dmllunL of
~li,(,(llllltl.lfl.i~}ll w,l I, nbt~illl,ii in ~illlrt (Iv(,r, tllrlll

7 miII, ) rrilrtlmi II I:III\ ,IL ~173 K LtI 11113 K. III ad.
dil 1(111, FIy jll~)ll[~r :11-111IIIJIII’IIS, wjIjCh dlJil’tll. 10 Ill’

illlhr. rri,llly f.[lwllllt illill, I)iwmllil Illllltl),yll i%lllf,llll
call II(I iIII’lhl M’li wilil illl dill’1.~’li lHOl.ph(llOr.lV 1111:~i’llt” -
lirl~, ~iJl, I. IIIIIiIiI iv,, fo tl(md wlli[i’, iI.Imll iIIIq IiIIII”.

011 Iri’llil”l,

0111. I,lfl”,l WIII’} il.ll. h(uItl dIIIIfI wjliI l.{llo~l,,ti.

Luti(i frd wiliI d romlll’lifiml. l:i+[l~l t,(f~l:):l.fioll;fl
IIItllil* fllll”l Ii VI” lhllllll”~ f-lhlt ilrlll lll’I’1l’ 11111 [hl’11111~11
Itlu Liln all(i lrl%ll’!i With :i l.! +1111111”11 Ill”t (l. lhi’l
Iod:llrllll dl’1 Ilrlpm”.(’l: to I;i;ll), ~!,(:iil~) 1,11, ,1[ 114{ k
hll\+#,vlll’ , t.hll Wlltll %II(IWWI Jltfl’lvllt ilmldlillq (hill”-
,11 11.I,i I,t II -, Ii IrIII tlwl MI i i~, r II ~.l; prI”, IcII III! IIWIO
t“,.tl!l,’lli IIIr! (III i,ilIf ;,{. ;, II Oi;ll , IJI,I,I ihvlfll, :! i[lll wii 1



Figure 1. lASL Solids Decomposition Farility (Rotary Kiln)
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li!l,lril 7. [11’{:nlllllo>ill~lll lhJIP in KIIII,

1“’11,1111lhII+~I cll,lt”dt:lL,rl\ti~s lU ),)-d~ljcill opvrating
(11111111itlll+m

[II \llI’II,lry, ;t il~llllqll% Lh,Il tll{t ihSl tlt Wlllth
+Illf,ll(, \lll)-ry(ll, (Lff:~l% a pr,!Ltlr. dl lll[!lLll\ [0 lvilll -
Ivi,-!, VIIIIII or lhr dlrll~, ullir% itI Ihlnlt]iflq $Illrurlc

,11 III llIiII UIOI* tlI,I.11, i,llilll with cycII1< \IIrtI ,1+ tht~
hylII’ld %Iltfut” (,VIIII ,11111Lhc <ullur-iudlllo cy~lr,
II ‘Illl(i’, lIUIIdllII!I prWIIIIIIII%tirv Ilot hi) WVIIW, lhl~
cy~ l,’ LIpl)l’tll’!. WI-II IItllllll.[ld Iur ilydrmyvl Ilm,llll.t 1o11
Il”(lul d ‘. II IIII” tl,l’t’llhll rlll, rgy %[llllrl~m

Il. Cy( Ill lvdllldl 1(!11

L I. II IVI,y III [dpitdl [U’ll 1~1.1ltihll III. dud lll’1 11:111$%

I,! I II il,lll i{.,, 1111 IWI1 (Iilll, rl,lll Ilwhl(ll(lqll% 1111’ ttlll

11111111111’11. (jr IIYIIIW!IIIII h’. IIIIIIH p,v-lomvtl. I hl’lllm
I h,,rlit ,11 ( VI l{,., ‘,tlllt; [ ~I,,t,, I.WIIIIIII1 rl.[ll,l $h(~ll .
Illrl”!l IIil w!lillt ,IIIV,IIIIII,I IW,I)I;III,, III w,ltl,r 111111lIV~
1,,11 WIIIII ll’IIII:IJII, II ill ItIII r,IIIIIII III s/1111
Ill!,,’)\/);,,, Ill[11’11,1,11, I,lll(ivlllll,,, Ior lhIOIIWI

chemical cycles were high~r iJt. 40 - 55” , than for
w~ter clvctrolysis systcmt at 30 - 40”,.

In ttle tcchno-economic Evaluation, of the~-
chehlical cycle tcchnulogy, till hybrid sulfur cycle,
knuwn cunnonly a!i thu “UcstinUhnu~o Sulfur Cyclr”
and LIM’ “JRC Hdri. 11 cyclu,” lms rrccivod Itw IIIOSL
aitcntictll. Tliis cycle Is characterized hy thr fol.
Iowin!l rraci inn scqufmcc:

7“?() + % @-@@@s) “2s04 “ “?
3SOk

“ml Ttlc~1(11 > 1120*S02~l/202 I1OOK. .

Ill h[)tll 1111’ U(I~[in!I~JOhTlC and lhi~ JitC W!rsions,
Lhu ptmvss opurdtrs ofl nuclear heat dcllvcrrd as
a Ili!lll-t[’llllli’l.tltlln lmliunl glls strewn from a Ill’ ? or
a Vvry-Hi!ltl lcfilperdturu I{u(lctnr (Vllll!), If in~Lodd
s~liIr hl!dti$ con~idl!rLd for d thCtYK)ChCfIIiCiJ] CY”CIC.

an additlcml factur nwst. k considcrud. This Is
lh~! cost of !mldr hl*dt ,11 ih! tuuip+rnlurr rcquir[!rl
for the proccsk. SOlar hedl is intelrnlttenl IKIIII
011 d daily ba>is (night and d,Iy) ~s well a~ during
cloudy p(!rlods during the d~y, lhe lower ciIp,IriLy
factor fllr ‘;ulat” pl,lllts (ll\ COfltrdhl(!d to Illlcl(hlr

plont’; uill hdvu II Itlrylr I!llml Ott rlIpll Al C(ILI II%
ruullmrpd to iI nu(.l[mr pl,IIIl, %1 n l.-tllenllr{ll(qnl~,l I
$( hwnlt~ iIrr Just now rmrivinq ,Illiv]l 1o11 .In(i t.hi%
pulmlii lily prorll~ing tlvlm[jlilgy IWI!I in III. f,lvur
thll r,lll,lhilily CIf drlivl*lminq II(IJI al iI pr,I(t. ic,I”lly
i%(l[tll’lllhll t(llIl{lLil.Il!lll.it to ii tti(!ll,til(.ll[ -lililill (yCl(’
all(]kfllll! ~l)ll\ldL1f.dl.i~ll uf (.y({(!~ illvll{i’ill!] W)iid
ll~idr o:” 5111I,ltr dl,[[lnlll{l’.i~i[lll,,,

111’lllilr[l %Illlull,lrlll’, (11 111[1 tl’,t illlalld llIv[, \lnw,nL
((l\t\ flll(l (.ffi[ ipll[ 10,, tll.1.[rl,(l f(l; [Ill. (11(11~1.,,llf

l))”l)(!l’. -,!”l d)”li lll”(l\!llll(d ill hi!’ (thll”~ [L]l-l:~ll in
I iq’, , 3 ilIIIl LI WI tlIII Ihl,,i,, UI 5 Illvl’”11 IIH’111/Kwll/
(1’)/’1 s) ,11111( ) rlll(llvwy, 1111’ ddl,l WI*I”II Ill”,llm
from d lIUmlIIII III orl!liu,li IIIIIIIIIIIIC, ,, III thl, 1111. I.,1.
1111’1’.
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Fiaure 3. Investr.n:nt and Lfflcioncv Estil,m Los for
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Figure 4. lnvcstwml WI tfficicncy Lstlrmlr< for
Ilatrr Electrolysis.

lhr cust data show slighL dlffunllltl’> In in-

vcshtm~ belween two mvlhnd% of hydrogwl yunr”r,ltirm.
All cozts were in the rtnqc, SW) - l[!:l[l/kllMt.
[ffic{(,nclrs arc in gcl;[!ral, hiqhrr for In[lnmlrlhvu,
ical cyclr; thdn forwdtcr rlcctraly$is. 101’.o
ran!lu flwlu 37,2’ to !vl,l’. for tl!!tnim~tl(’i;i~(.dlqu lr~
and frwm 32.7 to 40.11.. tor w~lcr rluctrrrl~sl:t,

Tho vdlu?s of Illvtl%hrwlt cost. or (!ffili!’nl”.y
dt’rivrd arr O,IIY as god a~ L!III U.i+III,,l,I.iOIII, .
V,IIUrF Cl lhII ~ulfur dinxidr rlrrlrcly;l”l VIIII IgII

a%suriwd ifl Parly sMiL15 on ttvt hyllrl(i ~ulf,lr l.yclu
vmrr lwlaw I’1.h V ill tlcid comrllLrirl iull’, of 1411 i!I
no wt. . 1111J5P vnltngr~ aro irIpOIII.llllll III .nIftlill
Undlil” ttlc as!lulllr”l C[lllditl(ln!lm [11 lhl’’!i’ Ltl!f’+, Ill
W’~t IWIL (0%1s ~lld rfficivncl~.i ldll~t III* r~,vll.r!i tlI
rrflll(t r[lndlt iolli th, ll ~rr nmro rOIIl I’lt il. ,

LASL supparl is bril~ provid?d LrJ this PCIWI
th~t i% C!l.lilTd by Dr. J. E. funk (llniv(~t.~i[~ 0;

I:c:ltucl:y). TWO cycles !IJVP undrrgof:? cv;,l~,,lir;r,

in thic, reporting period, thr LLI. zinc scltIIIii!~,
cycle c!I!I t!lu GA sulf:!r iodine LYCIP,

IV. ]f.h AIIIIL’X, 1 !Inr}. shop

The tll, rd dIl!IULIl ILA, A!]ni!.: I ll[lrl.!.hOi~ CIII
pl.utll,~l inn W(IS hi’ld illThcr!nochrnlicdl tlydroglm .

Tsukul-u Scirnce City, ,lJ;!l!I, lI!-?I Jm(’. l(L’’;’.

At Lrnduvs frum thr llnilr’d SLIII [’S VWI”U:

Il. G, LMmlan, I.(Is AlllnIIS ScionLilic 11111111111111”,{
C. F.V. Iltlson. Lor AltIIo< 5rilmtilic lllll~.IrIIto I.y
G. E(IsI’nhruch, (WIILII.,11Atl,l’lit CmIp.+l:l”

G. Pirkur, Ilrf:ingholi’,r rl(: :ril. CD I”IIIIIII!I!’11
Ct. l:rlkoriafl, lill!r!’ll~l) livl~r;;fllw [rl!li,l”,l ill!-)

Il. (i. ~oKI.111, [1. $. Lt,(}lrliL.!l Cnrltdr.! lfII”

Annvx 1 c(l~rdilliilerl U. S, p,lrfiLill,l!inll fi[ 1111,
Horl.shup.

lhIIIII dof!+ ml ,1111111,1)’to Iw dIIy II II: II II IFII if
IIIIIthIIIl III dl’tulminrl iIIVr’III, IIIIIL I,u!, II. III 1-11 il il II.
Cil”! Illr II(’W rwhmllrllll l’+ %11(.II d’. 1111,1111111lllllllt(lll
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PROJECT SUMMARY

Project Title: Thernmchemical Processes for Hydrogen Production

Principal Investigator: Melvin G. Bowman

Organization: Los Alamos Scientific Laboratory
P. O. BOX 1663, MS-756

Los Ala~s, New Mexlco 87545
FTS 843-6014

Grjals: The overall objective of this program is to contribute to the develop-
ment of practical thermochemical cycles for the production of hydrogen
from water using primary heat sources.

Status: The principal program tasks are:

1.0 Experimental: Studies am being conducted to obtain accurate
thermochemical clataand practical kinetic data for key reactions in cycles
that match the heat delivery characteristics of diffarent heat sources.
Currently, reactions for the formation and decomposition of bismuth
oxysulfates are being studied as steps that minimize heat requirenmts
for solution concentration in sulfuric acid cycles designed to couple
with solar heat sources. Studies in a solids deco~osition facility
consisting of a rotary kiln have shown that Ui20(SO~)~ will decompose
in less than 2 minutes at temperatures ranging from 973 to 1143 K.
Activities for FY-fllwill consist of additional bismuth oxysulfate
decomposition experiments and st~dies o:”bismuth oxysulfate reactions
with sulfuric acid at different temperatures and acid strengths.
Design studies will be initiat?d to determine the suitability of
different solids decomposition systems for solar heat input.

2.0 Process Evaluation: Tcchnoeconomic studies have been conducted
to determine differences in estimated capital costs and efficiencies
between water electrolysis and thermochemical cycles as paths for
hydrogen ;lroductionfrom primary heat sources. The differences found
were relatively minor and within estimation error. The final best
mthod will depend on technical advances made in bath branches of
technology.

3.0 I.E.A. Information Exchange: As a continuing activity reports
and ~]apersare exchang=tween U. S. Laboratories and other
countries participating in Annex I. of the I.E.A. Aqreenmn~ on
Hydrogen Production. The fourth Annex I workshop is tentatively
scheduled to he held in Juclich, Germany, during the sunmterof
1981.
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